ABSTRACT: In common bean (Phaseolus vulgaris L.) breeding, plant selection that associate erect plant architecture, high yield, and grains with good commercial acceptance has been the choice of breeders. Thus, this study aimed to evaluate potential parents, to obtain promising segregating populations that associate high yield, erect plant architecture and carioca grain type, as well as to obtain information on heterosis, general and specific combining ability of these parents regarding grain yield and traits related to plant architecture. Fourteen common bean lines were crossed under a partial diallel scheme. Group 1 was composed by eight erect plant lines and group 2 by six carioca grain type lines. The F 1 's plants from the crosses and the 14 parents were evaluated during spring (Mar. sowing) for plant architecture grade, diameter of the hipocotyl, plant mean height, and grain yield. Predominance of additive effects was observed for plant architecture grade and diameter of the hypocotyls. For grain yield and plant mean height, there was a greater contribution of the dominance effects. Thus, selection of erect plants, with a larger diameter of the hypocotyl can be carried out in early generations; while for grain yield and plant mean height, it must be delayed, preferably, to later generations.
Introduction
In common bean (Phaseolus vulgaris L.) breeding, selection of individuals with erect plant architecture has been a strategy adopted of many breeders to foster high grain yield (Adams, 1982; Brothers and Kelly, 1993; Coyne, 1980; Dawo et al., 2007; Izquierdo and Hosfield, 1983; Kelly and Adams, 1987; Kelly, 2001) . Such plant types ease the use of cultural practices, allow mechanized harvest and prevent pods to come in contact with the ground, ensuring better seed quality. Plants with this architecture can also reduce the incidence of some diseases, such as white mold.
Besides erect plant architecture, selection must also aim at high grain yield and commercial grains. Those traits are not commonly present in a single parent. In this case, hybridization is the most indicated breeding strategy to combine them in a single improved line. Thus, selection of parents with good complementing traits is paramount. Diallel crossing is a method to select parents based on their genetic values, and especially, on their combining ability (Allard, 1960; Griffing, 1956) .
Its use originates from the development of concepts of general and specific combining ability established by Sprague and Tatum (1942) . General combining ability (GCA) refers to the mean behavior of each parent in crosses with all other parents and, it is associated with the additive genetic effects and the frequency of favorable alleles. The specific combining ability (SCA) is interpreted as the deviation of the hybrid performance in relation to what would be expected based on the GCA of their parents, and it provides information on the non-additive effects (Falconer, 1981; Hallauer and Miranda Filho, 1988) . These estimates help to learn about potential good parents and whether selection must be delayed in function of the dominance deviations and epistasis interactions.
The use of diallel crosses is often limited due to the large number of crosses required to evaluate a particular group of parents. Besides, it is not always necessary to evaluate all possible combinations through a complete diallel. Therefore, the use of partial diallels is more desirable (Kempthorne and Curnow, 1961) . Within this context, the this study aimed to evaluate the potential of 14 bean parents in a partial diallel, aiming to obtain promising segregating populations for high grain yield, good plant architecture, and carioca grain type, as well as to obtain information on heterosis, general and specific combining ability of those parents, related to plant architecture.
Materials and Methods
Fourteen common bean lines were crossed in a partial diallel scheme (Table 1) . The parents were divided into two contrasting groups, based on their plant architecture, yield and grain type. The first group was composed by eight parents, three black grain and erect plants (BRS Valente, BRS Supremo and IPR Uirapuru), three of carioca grain type and also erect plants (BRS Horizonte, CNFC 9466 and A805), but presenting poor yield and/or grain type, and two erect plant lines of mulatinho grain type (A170 and A525). Group 2 was composed by six carioca grain beans, with three originated from crosses with isoline Rudá-R, a source of different genes resistant to anthracnose, angular spot and rust (Ragagnin et al., 2009 ) (UTF 0013 × Rudá-R, GEN 12-2 × Rudá-R and CNFC 9437 × Rudá-R), denominated in this work as L1, L2, L3, and lines VC6, BRSMG 51' W). The cultural practices adopted were those recommended for the bean crop in the region.
In the field, plant mean height (cm) was evaluated, and plant architecture was rated by a grade scale ranging from 1 to 5, according to Collicchio et al. (1997) . In this range, grade 1 refers to type II plant, erect, with a single stem, and high first pod insertion; grade 2 refers to type II plant, erect, and with some ramifications; grade 3, to type II or III plant, erect, with many ramifications and tendency to prostrate growth; grade 4, to type III plant, semi-erect, partially prostrated; and grade 5, to type III plant, with long internodes and very prostrated.
After harvest, other traits related to plant architecture were also evaluated: diameter of the hypocotyls, height of first pod insertion, total number of pods, number of pods in the branches and number of branches. These traits were measured in ten plants removed from the central line from each plot, using their means for the statistical analysis.
The pair-wise genotypic correlations between plant architecture grade, plant mean height, diameter of the hypocotyl, height of insertion of first pod, number of total pods, number of pods in the branches, number of branches and grain yield were estimated to explore the possibility of using them in the selection of more erect plants. The significance of genotypic correlations was tested using the bootstrap a 5 % probability, with 5000 simulations (Davison and Hinkley, 1997) .
The mean of the parents and F 1 's plants were analyzed according to the partial diallel model proposed by Geraldi and Miranda Filho (1988) and Miranda Filho and Geraldi (1984) , adapted from the models proposed by Griffing (1956) and Gardner and Eberhart (1966) , respectively. The statistical analyses were carried out using the software GENES (Cruz, 2006) .
The model proposed by Geraldi and Miranda Filho (1988) , adapted from the model of Griffing (1956) is as follows:
where: Y ij : is the mean of the cross involving the i-th parent of group1 and the j-th parent of group 2; Y i : is the mean of the i-th parent of group 1 (i = 0, 1, 2 ...8); Y .j : is the mean of the j-th parent of group 2 (j = 0, 1, 2 ...6); : general mean of the diallel; d 1 ,d 2 contrast involving means of groups 1 and 2 and the general mean; g i : effect of general combining ability of the i-th parent of group 1; g j : effect of general combining ability of the j-th parent of group 2; s ij : effect of specific combining ability; and ε ij : experimental error average.
The adaptation of the model of Gardner and Eberhart (1966) , proposed by Miranda Filho and Geraldi (1984) , is used for detailed study of heterosis in partial diallel, according model described follows:
where: Y ij : is the mean of the cross involving the i-th parent of group1 and the j-th parent of group 2; Y i0 : is the mean of the i-th parent of group 1 (i = 0, 1, 2 ...8), with a = 1 and q = 0; Y 0j : is the mean of the j-th parent of group 2 (j = 0, 1, 2 ...6), with a = -1 and q = 0; u: constant associated with the model; d: measure of the difference between mean of the two groups; v i : effect of the i-th parent of group 1 v j : effect of the j-th parent of group 2; h: effect of average heterosis; h i : effect of of variation treatments was decomposed into effects of general and specific combining ability and contrast for the two groups of parents (G 1 vs G 2 ) were performed. Difference (p ≤ 0.05) was found between the means of the groups (G 1 vs G 2 ) and between the GCA of group 1 (GCA 1 ) for all the traits. Difference (p ≤ 0.01) for the GCA of group 2 (GCA 2 ) was detected for plant architecture grade, diameter of the hypocotyl and plant mean height. For SCA, difference (p ≤ 0.01) was observed for plant mean height and grain yield (Table 3) . GCA predominated over SCA for plant architecture grade and diameter of the hypocotyl, suggesting predominance of the additive effects, expressed by the superiority of the sum of the GCA squares. The opposite can also be observed for plant mean height and grain yield, indicating a greater contribution of the effects of dominance for these traits. In this case, the superiority of the sum of squares of SCA was observed for GCA (Table 3). Predominance of non-additive effects associated with grain yield and plant height in common bean was also found by Gonçalves-Vidigal et al. (2008) . Also studying GCA and SCA in segregating F 2 populations derived from a complete diallel, Machado et al. (2002) observed predominance of SCA for grain yield. However, some researchers report that additive genetic effects for grain yield and its primary components are predominant in heterosis assigned to the i-th parent of group 1; h j : effect of heterosis assigned to the j-th parent of group 2; s ij : effect of specific heterosis resulting from crosses between parents of order i and j, groups 1 and 2, respectively; ε ij : experimental error average.
Results and Discussion
Correlations among characteristics related to plant architecture Diameter of the hypocotyl and plant mean height were correlated with plant architecture grade ( Table 2 ), indicating that those traits are promising for selection of plants with better architecture. The traits height of the first pod insertion, total number of pods, number of pods in the branches and number of branches presented low correlation with plant architecture grade. Acquaah et al. (1991) identified not only the diameter of the hypocotyl but also plant height as the major indicators of bean plant architecture.
General and Specific Combining Ability
Analysis of variance of the characteristics plant architecture, diameter of the hypocotyl, plant mean height and grain yield indicated the existence of variability among the 14 parents (p ≤ 0.01) ( Table 3 ). The source common bean (Kurek et al., 2001; Nienhuis and Singh, 1988) . Similar results were found in other species as rice (Oryza sativa L.), in which the additive genetic effects prevailed over those of dominance for yield related traits (Torres and Geraldi, 2007) . The prevalence of dominance effects for grain yield, resulting in hybrids with higher yields than that of the best parent, can be due to a divergent selection carried out for grain yield and erect plant architecture between the parents of the two groups of this study. Group 1 was obtained with selection prioritizing plants with better architecture, which may have fixed alleles for grain yield, different from those fixed in group 2, in which selection emphasized high yielding individuals.
The significance of the contrast between mean of the groups (G 1 vs G 2 ) for all the traits (Table 3) , confirms that the two groups of parents differ from each another. Group 1 has erect lines while group 2 possesses elite cultivars as far as yield and carioca grain type.
GCA estimates depend on the genetic difference of the parents and on the mean effect of allelic substitution in the other group and are associated with additive effects. SCA, in partial diallel, is a function of the dominance effects and of the product of the differences of allelic frequencies of the parents of the opposite group, making the SCA related to the dominance and epistasis effects (Hallauer and Miranda Filho, 1988) .
Line A525, of group 1, and line VC6, of group 2, stand out in relation to the GCA estimates for diameter of the hypocotyl, plant mean height and plant architecture grade (Table 4) . For the latter variable, the lowest value is the most desirable, since lower grades indicate plants with more erect architecture. As for grain yield, group 1 A170 line and group 2 BRSMG Madrepérola were outstanding for GCA. Those parents (A525, VC6, A170 and BRSMG Madrepérola) have a higher frequency of favorable alleles for these traits, considering that the allelic frequencies in the parents of one group are relative to that of the parents of the other group.
According to the SCA estimates for grain yield, the most outstanding hybrids were A170 × VC6 and A525 × BRSMG Majestoso (Table 5) . For breeding purposes, hybrid combinations with high SCA estimates and involving at least one parent with high GCA are of great importance. Hence, cross A170 × VC6 tends to be more promising because of the high GCA presented by the A170 parent.
For plant architecture grade SCA estimates with negative and high values indicate more erect plants. This was observed for the crosses A170 × L2, A805 × BRSMG Majestoso and BRS Horizonte × L3, with emphasis for the cross A805 × BRSMG Majestoso, in which A805 showed high GCA. On the other hand, for plant mean height, the highest SCA were for BRS Supremo × BRSMG Majestoso, followed by BRS Horizonte x VC6 and BRS Valente × L2, with parent VC6 also presenting a high GCA. For diameter of the hypocotyl, the highest SCA estimate was found for A170 × VC6, with VC6 having high GCA (Table 5) .
Lines A170, A805 and A525 presented high SCA values, indicating larger genetic distance among those lines in relation to the other lines of their group. That those lines are from the International Center for Tropical Agriculture (CIAT), showing the importance of using lines from different origins in breeding programs.
Considering grain yield and plant architecture simultaneously, the populations from crosses CNFC 9466 × VC6, BRS Valente × BRSMG Madrepérola and A525 × L1 showed the most promising results. They are promising for the extraction of lines combining these Table 4 -Estimates of the GCA effects among the parents of group 1 (GCA 1 ) and group 2 (GCA 2 ) for diameter of the hypocotyl (DH), plant architecture grade (PAG), plant mean height (PMH) and grain yield (YIELD). 
Decomposition of the heterosis effect
The decomposition of the effect of SCA into medium heterosis, varietal heterosis, (attributed to the various genotypes within each group) and specific heterosis is justified only when it presents a statistical significant effect. Thus, for plant mean height and grain yield, heterosis decomposition was done and they are shown in Table 6 .
Considering plant mean height, there were differences (p ≤ 0.01) for heterosis medium and varietal heterosis of group 1 (G 1 ), and specific heterosis (p ≤ 0.05), while for grain yield differences were obtained for all the effects (p ≤ 0.05). For plant mean height, just group 1 lines presented heterotic effects, while, for grain yield, this conclusion is valid for lines of groups 1 and 2. The lines with higher varietal heterosis effect are more genetically distant from each other, or their alleles presented greater dominance deviations, compared to those of lower heterotic effect. Parents with greater genetic diversity are required in crosses aiming transgressive segregation. The significance of the effect of specific heterosis for grain yield and plant mean height shows that the parents presented non allelic genes with epistatic interaction. The interactions dominant × dominant, dominant × additive and additive × dominant are not inheritable, just being useful in hybrids.
Comparing hybrid means with those of the parents (Table 6) , it can be observed that hybrids were higher yielding than the parents. For diameter of the hypocotyl and plant architecture grade, the means of the hybrids were similar to those of the parents and for plant mean height, the hybrids were shorter than the parents. These results indicate the existence of heterosis for grain yield and plant mean height, resulting from positive dominance deviations for the genes for grain yield and negative for plant mean height.
The heterosis values in the crosses varied in magnitude and signal (Table 7) . In group 1, cross A525 × L2 is superior for grain yield. This cross presented heterosis of 1397 kg ha -1 , surpassing the mean of both parents in 56 %. The combinations A170 × VC6 (48.5 %) and A525 × BRSMG Majestoso (47.8 %) also presented high heterosis for grain yield.
The crosses with greater heterosis value for plant mean height were BRS Supremo × BRSMG Majestoso and BRS Horizonte × VC6, with a heterosis value of 7.17 cm (16.2 %) and 4.17 cm (9.6 %), respectively, (Table 7) . However, the hybrids with greater heterosis did not always present the highest means due to the fact that the superiority of a hybrid depends on both the amount of heterozygous loci and on the means of the parents.
The estimates of the variety effects (v i and v j ) of the parents of each group are presented in Table 8 . The per se effect of a parent is an indicative of frequency of its favorable alleles. In the case of grain yield, varieties BRS Supremo (group1) and BRSMG Madrepérola (group 2) presented the highest per se effects, indicating a greater concentration of favorable alleles in those parents. For plant architecture grade, diameter of the hypocotyl, and plant mean height, group 1 line A525, and group 2 line VC6, presented the largest frequency of favorable alleles. For plant architecture grade negative effects is an indication of a great concentration of favorable alleles.
In group 1, considering the effects of varietal heterosis for grain yield (Table 8) , A525, L2 and VC6 presented the highest values. While, for plant architecture grade and diameter of the hypocotyl, A170 and, for plant mean height, BRS Horizonte were superior. In group 2, BRSMG Madrepérola and L3 presented a greater estimate of varietal heterosis, being BRSMG Madrepérola the best for plant architecture grade and diameter of the hypocotyls, while L3 for plant mean height. Gonçalves-Vidigal et al. (2008) observed heterosis for common bean grain yield and also noted that the hybridization of cultivars belonging to distinct commercial groups favors higher heterosis. Similar results were obtained by Foolad and Bassiri (1983) , Gutiérrez and Singh (1985) , Nienhuis and Singh (1986) , who also verified heterosis for grain yield.
It can be concluded that grain yield and the traits related to plant architecture present great complexity, making selection of erect and high yielding plants difficult. However, the selection of erect plants with a higher diameter of the hypocotyls can be carried out at early generations, due to the action of the additive effect genes. For grain yield and plant mean height, selection must be done preferably, in more advanced generations, as there is greater contribution of dominance effects for these traits. In the F 4 generation dominance deviations are reduced by 87.5 %. Thus, it recommended that bulks should be opened at this generation, aiming to select high yielding lines that also have erect plant architecture.
